Plakins are large multi-domain proteins that interconnect cytoskeletal structures. Plectin is a prototypical plakin that tethers intermediate filaments to membrane-associated complexes. Most plakins contain a plakin domain formed by up to nine spectrin repeats (SR1-SR9) and an SH3 domain. The plakin domains of plectin and other plakins harbor binding sites for junctional proteins. We have combined x-ray crystallography with small angle x-ray scattering (SAXS) to elucidate the structure of the plakin domain of plectin, extending our previous analysis of the SR1 to SR5 region. Two crystal structures of the SR5-SR6 region allowed us to characterize its uniquely wide inter-repeat conformational variability. We also report the crystal structures of the SR7-SR8 region, refined to 1.8 Å, and the SR7-SR9 at lower resolution. The SR7-SR9 region, which is conserved in all other plakin domains, forms a rigid segment stabilized by uniquely extensive inter-repeat contacts mediated by unusually long helices in SR8 and SR9. Using SAXS we show that in solution the SR3-SR6 and SR7-SR9 regions are rod-like segments and that SR3-SR9 of plectin has an extended shape with a small central kink. Other plakins, such as bullous pemphigoid antigen 1 and microtubule and actin cross-linking factor 1, are likely to have similar extended plakin domains. In contrast, desmoplakin has a two-segment structure with a central flexible hinge. The continuous versus segmented structures of the plakin domains of plectin and desmoplakin give insight into how different plakins might respond to tension and transmit mechanical signals.
Plakins are a family of very large proteins that interconnect and organize the intermediate filaments (IF), 4 microtubules, and microfilaments of the cytoskeleton and tether them to membrane-associated structures (1, 2) . So far, seven plakins have been described in mammals; these are plectin, bullous pemphigoid antigen 1 (BPAG1), desmoplakin, microtubule and actin cross-linking factor 1 (MACF1, also known as ACF7), envoplakin, periplakin, and epiplakin. Invertebrates have a more reduced plakin repertoire; for example Caenorhabditis elegans and Drosophila melanogaster each have a single plakin gene encoding VAB-10 and Shot (also known as Short Stop or kakapo), respectively. Most of the plakin genes produce multiple isoforms that increase the structural and functional versatility of these proteins.
Plectin is expressed in a large variety of cell types in which it acts as a highly polyvalent cytolinker that contributes to cell adhesion and the organization of the cytoskeleton. Plectin cross-links IFs to microtubules and actin filaments and mediates the attachment of IFs to cell-cell and cell-matrix junctional complexes such as hemidesmosomes, desmosomes, Z-lines, and focal contacts. Plectin also connects IFs to organelles such as the nucleus and mitochondria (3) . Defects in the PLEC gene cause various forms of the blistering disease epidermolysis bullosa simplex (EBS), which may occur only with skin fragility, as found in EBS Ogna type, or may be associated with muscular dystrophy or pyloric atresia (4) . These diseases highlight the important role of plectin in the homeostasis of tissues subjected to mechanical stress, such as skin and muscle.
Plectin (ϳ500 kDa) has a mosaic structure built up of multiple discrete domains organized in three major segments, which is prototypical of other plakins. The N-terminal region contains an actin-binding domain, formed by two calponin homology domains, followed by a plakin domain (Fig.  1A) . The actin-binding domain binds to integrin ␣6␤4 (5, 6), nesprin-3␣ (7) , F-actin (8, 9) , and dystrophin (10) . A central rod domain (ϳ1250 amino acids) is responsible for homodimerization via coiled-coil interactions. Most of the rod domain is absent in a natural rod-less splice variant that retains the function of the full-length protein (11) . Finally, the C-terminal region contains six plakin repeat domains and mediates binding to IFs (12) .
The plakin domain of plectin (ϳ1070 amino acids) consists of nine spectrin repeats (SR1-SR9) and a Src homology 3 (SH3) domain embedded in the SR5 (13) . SRs are ϳ100 -110-amino acid domains that contain three amphipathic ␣-helices (A, B, and C) connected by short loops. The helices fold into a lefthanded helical bundle that encloses a hydrophobic core formed by residues in positions a and d of the helical heptad repeats. Juxtaposed SRs are connected by helical linkers that fuse helix C of the anterior repeat with helix A of the posterior repeat; therefore, arrays of SR form rod-like bendable structures. Despite the conservation of the SR fold, there are large variations in the relative orientation of different pairs of tandem repeats. The crystal structures of several multi-repeat segments of BPAG1 (14) , plectin (13, 15) , and desmoplakin (16) have unveiled the details of the N-terminal part of the plakin domain. The SR1-SR2 region is connected by a predicted disordered linker to the rod-like SR3-SR6 segment. The SH3 lacks a canonical poly-Pro-binding site and makes extensive contacts with the SR4. The plakin domain of plectin participate in protein-protein interactions harboring binding sites for integrin ␣6␤4 (17) , BPAG2 (also known as BP180 or type XVII collagen) (18) , ␤-dystroglycan (10), ␤-synemin (19) , and the kinase Fer (20) , although the specific binding sites for these proteins are not known precisely.
The plakin domain is present in all plakins except epiplakin. The pairwise sequence identity between the SR3-SR9 region of mammalian plakins ranges from ϳ21 to 53%, although some proteins have shorter forms of the plakin domain. The epithelial isoform of BPAG1 (BPAG1e, also known as BP230) lacks the SR1, and the SR1-SR2 tandem is absent in desmoplakin, periplakin, and envoplakin. In desmoplakin the SR6 is connected to the SR7 by a uniquely long linker that is sensitive to proteases (21) . Similarly, in periplakin and envoplakin the SR6 is replaced by 15-20-residue-long sequences. Analysis of the plakin domains of desmoplakin, periplakin, and envoplakin in solution by small angle x-ray scattering (SAXS) has revealed various degrees of segmental flexibility caused by the unique SR6-SR7 or SR5-SR7 linkers (21) .
Despite recent advances in the characterization of plakin domains, no atomic structure of the SR7-SR9 region has been described to date. Similarly, the entire structure of plakin domains that lack long SR6-SR7 linkers, such as those of plectin, BPAG1, and MACF1, remains unknown. Here we have combined x-ray crystallography with SAXS to elucidate the structure of the plakin domain of plectin, which has an extended rod-like shape. In addition, a comparative analysis of the plakin domain of desmoplakin has revealed differences in the segmental flexibility of these two proteins. Our results have implications for the properties of plakins and their contribution to the stability and mechanobiology of tissues subjected to mechanical stress.
Results and Discussion
To obtain a comprehensive description of the structure of the plakin domain of plectin, we produced recombinant multidomain fragments that cover the SR3-SR9 region, and we combined detailed analysis of two-and three-repeat fragments by crystallography with information on the global structure of larger segments, including the complete SR3-SR9 region, obtained by SAXS.
Crystal Structures of the SR5-SR6 Region of Plectin Reveal Details of Interdomain Bending-Previously, we elucidated the crystal structures of the SR3-SR4 and SR4-SR5-SH3 regions of plectin (15) . To complete the analysis of the SR3-SR6 region, we attempted unsuccessfully to crystallize the SR3-SR6 and SR4 -SR6 fragments. Therefore, we focused on the SR5-SR6 region. Because the SH3 makes extensive contacts with the SR4, we created two SR5-SR6 constructs in which the SH3 domain was replaced by a five-residue (SR5-SR6-⌬SH3-A) or a threeresidue (SR5-SR6-⌬SH3-B) sequence ( Fig. 1A ). Both proteins were crystallized, and their structures were refined against data to 2.8 and 3.0 Å, respectively. Each crystal form contains two SR5-SR6 molecules in the asymmetric unit (AU). The individual structures of the SR5 and SR6 domains are highly conserved in the four molecules. After pairwise superimposition of the four structures of the SR5 domain, the root mean square deviation (rmsd) for 99 C␣ atoms ranged from 0.46 to 0.67 Å. Similarly, the four copies of SR6 were superposed with the rmsd for 77 C␣ atoms between 0.44 and 0.65 Å. The SR5 exhibits a canonical SR fold, whereas the SR6 is smaller and has an additional short helix (B0) between helices A and B (Fig. 1B) . These repeats of plectin are very similar to the equivalent domains in the crystal structure of the SR3-SR6 region of desmoplakin (16) ; individually the SR5 and SR6 domains of plectin and desmoplakin superimpose with a C␣ rmsd of 1.07-1.24 Å and 0.97-1.20 Å, respectively. Thus, exchanging the SH3 domain by short Gly-Ser sequences does not disrupt the overall structure of the SR5 domain.
Helix B0 of the SR6 is reminiscent of the short helix B0 of the SR5 observed in the structure of the SR4-SR5 region of plectin (15) . In the structures of the SR5-SR6-⌬SH3 fragments, the helix SR5-B0 is rearranged, being part of helix B (Fig. 2 ). Analogously, the region of the SR6 around helix B0, which is predicted to be close to the SR7, might adopt a different conformation in the full-length protein. Similar helical rearrangements near the loops of SRs have been observed in spectrins (22) .
In contrast to the structural conservation of individual domains, superposition of the SR5 repeats revealed differences in the position of the SR6 in the four molecules (Fig. 1C ). These variations are due mainly to differences in the roll (Ϫ3.3°to Ϫ19.6°) and tilt (Ϫ16.5°to Ϫ23.3°) angles; hence, they correspond to changes in inter-repeat bending (supplemental Table  S1 ). Our crystal structures represent snapshots of the interrepeat conformational variability. Principal component (PC) analysis revealed that the four conformers of the SR5-SR6 region are related by two major perpendicular rigid-body oscillations of ϳ13°and ϳ5°amplitude, which correspond approximately to roll (PC1) and tilt (PC2) rotations (Fig. 1, D and E) . In both movements the beginning of helix SR6-A acts as a hinge.
The arrangement of the SR5-SR6 segment of plectin is very similar to that of desmoplakin. Yet, the conformational variations of this region are larger in plectin than in desmoplakin. The variability of the inter-repeat orientation is a major source of flexibility of SR arrays (22) . Bending oscillations also occur in other segments of the plakin domain (e.g. SR3-SR4), but those of the SR5-SR6 pair show the largest variations (supplemental Table S1 ). Notably, the conformational changes in the SR5-SR6 region of plectin are similar to those in the SR16-SR17 region of ␣-spectrin (22, 23) ( Fig. 1F and supplemental Table S2 ). In summary, the SR5-SR6 region is a preferentially bendable site of the plakin domain.
Finally, the SR6 region of one of the molecules in the AU of the SR5-SR6-⌬SH3-A crystals (protein chain B), which only makes crystal lattice contacts through the helix B0, has poorer electron density and higher average B-factors (134 Å 2 ) than the other SRs in the crystal (59 -103 Å 2 ), suggesting that SR6 has an intrinsically relaxed structure. Collectively, our data support the assertion that SR6 is a region of substantial structural plasticity within the plakin domain.
Crystal Structure of the SR7-SR8 Region of Plectin-To elucidate the structure of the C-terminal segment of the plakin domain of plectin, initially we solved the crystal structure of the SR7-SR8 region to 1.80 Å resolution. The AU of the crystals FIGURE 1. Crystal structures and conformational variability of the SR5-SR6 of plectin. A, domain organization of the N-terminal moiety of plectin and the two SR5-SR6-⌬SH3 constructs. B, orthogonal views of the ribbon representation of the SR5-SR6-⌬SH3-A structure. C, C␣ trace representation of the four different molecules of SR5-SR6 present in the asymmetric units of the SR5-SR6-⌬SH3-A (blue and green) and SR5-SR6-⌬SH3-B (orange and magenta). The molecules were superimposed by aligning the SR5 domains. A diagram of the orientation of the Cartesian axes and the rotations around them is shown. D, PC analysis of domain-wide conformational differences between the four structures. The percentage of the total variance captured by each eigenvector is plotted. The numbers indicate the cumulative sum of the total variance accounted for in all of the preceding eigenvectors. E, porcupine illustration of the two main PCs (PC1 and PC2) derived from the four individual SR5-SR6 structures. F, conformational variations between structures of the SR16-SR17 region of ␣-spectrin. Shown is a representative C␣ trace of the SR16-SR17 region of ␣-spectrin in different monomers of the crystal structures of the SR16-SR17 (PDB code 1CUN) and the SR15-SR17 fragments (PDB code 1U4Q). For clarity only three monomers illustrating the divergence in the orientation of the two repeats are shown. The structures were superimposed by matching the C␣ atoms of the repeat SR16. Ribbon representation of SR6 in the structure of the SR5-SR6-⌬SH3-A fragment (left) and of SR5 in the structure of SR4-SR5 (center) and of the SR5-SR6-⌬SH3-A fragment (right). In the absence of SR6, the SR5 helices B0 and B of SR5 are separated by a non-helical segment (center). This is similar to the presence of B0 in the SR6 repeat (left); but in the construct that contains the SR5 and SR6 repeats, the region between helices A and B of SR5 is reorganized by extending helix B (right).
contains two SR7-SR8 molecules. After superimposition of the individual repeats, the rmsd for the C␣ atoms of SR7 and SR8 was 0.18 and 0.30 Å, respectively. A similar C␣ rmsd of 0.32 Å was obtained when the full SR7-SR8 region was superimposed, revealing that the relative orientation of the two repeats is almost identical in the two monomers.
SR7 and SR8 have a canonical SR fold ( Fig. 3A ), yet their B helices are longer than those in other repeats of the SR1-SR6 region of the plakin domain. Specifically, helix SR8-B is unusually long (ϳ46 residues) and extends at the C terminus about two more turns than helix SR7-B.
The orientation of SR8 is related to SR7 by a ϳ46 Å translation and a ϳ54°rotation around the longitudinal axis of the molecule. Consequently, helices SR7-A and SR8-C are on the same side of the molecule. The inter-repeat linker formed by the fusion of helices SR7-C and SR8-A participates in the hydrophobic cores of both repeats. Helices SR7-B and SR8-B extend toward the adjacent repeat, creating two short segments of four-helix bundles (Fig. 3B ). The SR7-SR8 arrangement is further stabilized by the interaction between the AB loop of SR7 and the BC loop of SR8. These loops are connected by a network of polar contacts that include interactions of the side chains of Glu-1200 and Arg-1203 with backbone atoms of the AB loop of SR7, a salt bridge between Arg-1035 and Glu-1196, and several hydrogen bonds mediated by water molecules partially buried between both loops. Collectively, our data indicates that the SR7-SR8 region is a rigid segment. Owing to the lateral interrepeat contacts at the linker region, we refer to SR7 and SR8 as overlapping repeats.
Crystal Structure of the SR7-SR9 Region of Plectin-Crystals of the SR7-SR9 region of plectin produced highly anisotropic diffraction. Anisotropy arises from the alignment of the elongated SR7-SR9 molecules in the crystal lattice ( Fig. 4) . The AU contains two SR7-SR9 molecules that are very similar ( Fig. 5A ). After superimposition of the individual repeats, the rmsd for the C␣ atoms were 0.20, 0.33, and 0.54 Å for SR7, SR8, and SR9, respectively. The interdomain arrangement is also identical in both molecules; the complete monomers superpose with an rmsd for 341 C␣ atoms of 0.63 Å. In addition, the structure of the isolated SR7-SR8 region closely resembles that of the corresponding region of the SR7-SR9; after superimposition the rmsd of the common C␣ between SR7-SR8 and SR7-SR9 range between 0.77 and 0.86 Å.
The overall structure of SR9 is very similar to that of SR7 and SR8 ( Fig. 5B ). SR9 has a very long helix B (ϳ54 residues) that has two turns more at the C terminus than helix SR8-B. The final part of helix SR9-B contacts SR8 forming a four-helix bundle ( Fig. 5C and Fig. 6 ). Residues Tyr-1309, Leu-1313, and Tyr- 1316, which occupy positions d, a, and d of the heptad motif of helix SR9-B, face the groove formed by helices A and C and loop AB of SR8.
The SR8 structure can be superimposed on that of SR9 by applying a ϳ51 Å translation and a ϳ69°rotation around the longitudinal axis of the molecule, which is similar to the relative arrangement of the SR7-SR8 pair (see above). Owing to the conserved inter-repeat rotation in the SR7-SR9 region, helices A-C and the unusually long B helices of SR8 and SR9 form a left-handed pseudo superhelix that resembles a twisted rope ( Fig. 5D ). Moreover, helix SR7-A is aligned with helix SR8-C/ SR9-A forming a discontinuous thread of the superhelix that spans the full length of the molecule. Similarly, helix SR7-B is aligned with helix SR9-B, and helix SR7-C/SR8-A is aligned with helix SR9-C. Therefore, the superhelical architecture of the SR7-SR9 region consists of four antiparallel threads. In summary, the overlapping repeats of the SR7-SR9 region form a rigid structure stabilized by long helices and extensive interrepeat contacts.
The SR7-SR9 Region Is Conserved in Other Plakins-We analyzed whether the SR7-SR9 region was also present in other plakins. Searching the human proteome with a profile hidden Markov model (HMM) built from the sequence of the SR7-SR9 region of plectin revealed the presence of homologous regions of similar extension in BPAG1, MACF1, and desmoplakin ( Table 1) . Because this initial search did not reveal similar regions in other plakins, we performed a new search using a profile HMM built from the SR7-SR9 sequences of plectin, BPAG1, MACF1 and desmoplakin, which unveiled the presence of an SR7-SR9 region in envoplakin and periplakin.
Next, we used a profile HMM built from the SR7-SR9 sequences of the six human plakins to analyze the presence of homologous regions in plakins of invertebrates. We identified a single SR7-SR9-like region in VAB-10 and Shot, the only . The side chains of the main residues that participate in these inter-repeat contacts are shown as sticks. For clarity the backbone of helix SR9-B is represented as a worm. Electron density maps of this region are shown in Fig. 6 . D, pseudo superhelical structure of the SR7-SR9 region. Uninterrupted helices are shown in a single color. Helices that belong to the same pseudo-thread are shown in similar colors. The four threads of the superhelix are highlighted by dashed lines, and their polarity is indicated by arrowheads at the C terminus.
plakins found in C. elegans and D. melanogaster, respectively. The region of Shot identified in the search (residues 1039 -1295) included SR7-SR8 but only part of SR9, yet two predicted ␣-helices completed the SR9 region (residues 1258 -1394), which is similar in length to other plakins. A multiple sequence alignment of the SR7-SR9 sequences of human plakins, VAB-10, and Shot is shown in Fig. 7 . In all of the searches, a single SR7-SR9 region was identified in the C-terminal part of the plakin domain of each protein, and no homologous regions were detected in other proteins. Thus, our profile-based search was specific for the SR7-SR9 signature. In summary, the SR7-SR9 region is present in all plakins that contain a plakin domain, and this region is distinct from other tandem arrays of SRs.
Structure of the Plakin Domain of Plectin in Solution-To elucidate the structure of the plakin domain of plectin in solution we analyzed the SR3-SR9 segment and its two constituent moieties, SR3-SR6 and SR7-SR9, by SAXS ( Fig. 8 and Table 2 ). The samples were monodisperse and monomeric, as suggested FIGURE 6. Electron density maps of the SR7-SR9 crystal structure. A, stereo view of a 2mF obs Ϫ DF model simulated annealing omit map (contoured at 1) of the C-terminal part of helix SR9-B. The map was calculated using phases from a model from which the region 1298 -1321 was excluded, and that was refined by simulated annealing (starting temperature, 3000 K). B, feature-enhanced 2mF obs Ϫ DF model map (contoured at 1) corresponding to the region shown in A.
TABLE 1 Identification of SR7-SR9 segments in plakins
UniProt accession codes are shown in parentheses. NA, not applicable. E-values are the expected number of hits to have a score equal or better by chance.
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Organism 8C ). This P(r) shape is characteristic of elongated rod-like particles. The R g of the SR3-SR6, SR7-SR9, and SR3-SR9 regions determined from the P(r) were 53.9, 44.1, and 90.8 Å, respectively. These values were slightly greater than those obtained from the Guinier approximation (50.4, 42.3, and 85.4 Å, respectively) with the differences likely due to the inherently limited extension of the Guinier region caused by the rod-like shape of these fragments. We also analyzed the intermediate q-region of the scattering curves using a modified Guinier approximation (ln(I(q)q) versus q 2 ) that revealed a linear correlation indicative of a rod-like shape (Fig. 8D ). The radii of gyration of a cross-section (R c ), calculated from the modified Guinier plot, was very similar for the three constructs, ranging between 9.23 and 9.37 Å. In addition, the pair distribution functions, Pc(r), of the cross-sections of the three fragments were also very similar ( Fig. 8E ). In summary, the plectin fragments are rod-like particles of similar thickness.
The dimensionless Kratky plots of the scattering data have bell-shaped peaks indicating that the SR3-SR6, SR7-SR9, and SR3-SR9 regions are compact particles (Fig. 8F ), yet the position and amplitude of the maxima deviate largely from the expected value for spherical particles due to the highly anisometric shape of these proteins. The Porod-Debye plots (I(q)q 4 versus q 4 ) (24) of the scattering data had clear plateaus ( Fig. 8G ) indicative of a sharp electron density contrast between the proteins and the solvent, further supporting the idea that the particles lack disordered segments.
We constructed atomic models of the SR3-SR6 region by combining the crystal structures of the overlapping segments SR3-SR4 (PDB code 3PDY), SR4-SR5-SH3 (PDB code 3PE0), and SR5-SR6-⌬SH3 (this work). Eight models were built to take into account the two and four interdomain conformations of the SR3-SR4 and SR5-SR6 pairs observed in 3). The P(r) value calculated from the atomic structures of SR3-SR6 and SR7-SR9 reproduced the corresponding P(r) estimated from the scattering data. Low resolution shapes of the SR3-SR6 and SR7-SR9 regions reconstructed from the SAXS data using ab initio methods could be superimposed closely on the respective atomic structures (Fig. 8I ). In summary, the SR3-SR6 and SR7-SR9 segments are rigid rod-like structures in solution. Next, we analyzed the possible segmental flexibility between the two rigid segments, SR3-SR6 and SR7-SR9, of the plakin domain by using an ensemble fitting method with the program EOM (optimization ensemble method). We generated a pool of 10,000 structures of the SR3-SR9 region that sample exhaustively the possible orientations of the two rigid segments, assuming a flexible linker between SR6 and SR7. The minimal ensemble that reproduces the SAXS data is mainly populated by similar conformations with a narrow range of R g that is close to the largest R g of the pool (Fig. 8H ). In summary, the SR3-SR6 and SR7-SR9 regions adopt a linear arrangement with limited conformational variability.
The extended shape of the SR3-SR9 region precludes extensive contacts between the N-and C-terminal halves. Therefore, the apparent rigidity relies on local interactions at the SR6-SR7 interface, suggesting that these two repeats are connected by a well structured linker. As yet, the structure of the SR6-SR7 linker is unknown, and attempts to crystallize the SR6 -SR8, SR6 -SR9, and SR3-SR9 fragments were fruitless. Nonetheless, based on the similarity with other arrays of tandem SRs and the secondary structure prediction (see below), the linker was modeled as an ␣-helix. We generated models in which the SR3-SR6 and SR7-SR9 regions were positioned at different angles based on the four relative orientations of the SR5-SR6 region observed in the crystal structures. The scattering curves calculated for these models fitted the experimental SAXS data with 2 values between 1.7 and 2.2 (q Յ 0.35 Å Ϫ1 ). Next, we refined the structures by using an elastic network model-based normal modal analysis that explores large scale conformational changes without distorting local structures. Models were perturbed using the first nontrivial normal mode with the lowest frequency and were evaluated against the SAXS data. This led to a refined structure with an improved fit to the scattering profile ( 2 ϭ 1.2), which superimposes closely with low resolution shapes reconstructed from the SAXS data using ab initio methods (Fig. 8I) . In summary, the plakin domain of plectin resembles a slightly bent rod with a kink around SR6 and two rigid halves forming a ϳ145°angle.
The bent shape of the plakin domain of plectin is not unusual in other SR arrays and bears a close resemblance to the curved structures of the SR14 -SR16 region of ␤-spectrin (25) (26) (27) and the ␣-␤-spectrin tetramerization domain (28) ( Fig. 9) .
Structure of the Plakin Domain of Desmoplakin in Solution-It had been reported that the plakin domains of desmoplakin, envoplakin, and periplakin have articulated structures in which the regions upstream of SR7 and downstream of SR8 are highly flexible (21) . In the light of the rigid structure of the SR7-SR9 region of plectin, which was unknown in previous studies, we analyzed the plakin domain of desmoplakin by SAXS under the same conditions used for plectin, which allowed a rigorous comparative characterization ( Fig 10 and Table 2 ).
The SR7-SR9 region of desmoplakin is monodisperse and monomeric in solution. The R g value estimated by Guinier analysis (43.7 Ϯ 0.3 Å) was similar to the R g of the SR7-SR9 region of plectin. Similarly, the P(r) function, D max , R c , and Pc(r) function of the SR7-SR9 of desmoplakin were also almost identical to those of the equivalent region of plectin (Fig 10, C-E) . In addition, the dimensionless Kratky plot of the desmoplakin SR7-SR9 region has a maximum at the same position as the plectin fragment ( Fig 10F) . The scattering profile calculated for a homology model of desmoplakin, built based on the structure of plectin, reproduced the experimental SAXS curve ( 2 ϭ 2.2) ( Fig 10A) , and there is a good correlation between the atomic homology model and the low resolution structure reconstructed from the SAXS curve ( Fig 10H) . Collectively, our sequence and SAXS analysis support the idea that the SR7-SR9 region of desmoplakin has a rigid rod-like structure similar to plectin.
Next, we analyzed the SR3-SR9 region of desmoplakin by SAXS, which was also monodisperse and monomeric in solution. The R g values determined by Guinier analysis (72.7 Ϯ 1.0 Å) or obtained from the P(r) (83.4 Å) were significantly shorter than the R g of plectin. The P(r) of desmoplakin extends to a D max of 350 Å, similar to that of plectin; yet the P(r) has a wide plateau for distances, in the range of 20 to 75 Å (Fig 10C) , sug- gesting that the SR3-SR9 region of desmoplakin is on average thicker than plectin. Similarly, the cross-sectional R c value estimated from the modified Guinier (9.80 Å) and the Pc(r) (11.4 Å) was larger than for the SR7-SR9 region of plectin and desmoplakin or the SR3-SR9 region of plectin ( Fig 10, D and E) . The dimensionless Kratky plot has a bell shape that drops to zero at high qR g (Fig 10F) , and the Porod-Debye plot shows a plateau ( Fig 10G) , indicating that the plakin domain of desmoplakin consists of compact domains and lacks large disordered regions. Nonetheless, the maximum in the dimensionless Kratky plot is located at lower values of qR g and (qR g ) 2 I(q)/I(0) than the SR3-SR9 region of plectin, indicating that desmoplakin is on average less elongated than plectin. Finally, we analyzed the possible conformational heterogeneity of the desmoplakin SR3-SR9 region using EOM ( Fig 10I) . A pool of 10,000 structures was created by combining the crystal structure of the SR3-SR6 (PDB code 3R6N) (16) and the model of the SR7-SR9 region, which were treated as rigid bodies, whereas the 30-residue-long linker between SR6 and SR7 was allowed to be flexible. The ensemble that fits the experimental data contains conformations with a wide range of R g values that spreads along all of the R g values of the structures in the pool, although there is a higher abundance of compact (i.e. small R g ) conformations in the ensemble. A similar distribution is observed in the D max of the pool and the ensemble (data not shown). In summary, the plakin domain of desmoplakin is an articulated structure consisting of two rigid segments connected by a central flexible linker, which differs greatly from the extended structure of plectin.
Conservation of the SR6-SR7 Region in Other Plakins-The global differences between the extended plakin domain of plectin and the segmented domain of desmoplakin are due to local differences in the SR6-SR7 linker, or the SR5-SR7 linker in the case of periplakin, and envoplakin. Plectin, BPAG1e, MACF1, VAB-10, and Shot have short SR6-SR7 linkers of similar length, and a secondary structure prediction suggests that they have a helical structure (Fig 11) . The SR6-SR7 linker of VAB-10 contains a cluster of three Pro residues that would interrupt the ␣-helix, yet the limited conformational freedom of Pro suggests that it would be a relatively rigid region. In summary, the plakin domains of BPAG1e, MACF1, Shot, and possibly VAB-10 are likely to adopt extended shapes similar to that observed in plectin.
Pathogenic Missense Mutations in SR7-SR9 of Desmoplakin-Analysis of missense mutations linked to diseases provides insights into the functional and structural roles of specific residues. Although no such mutations have been described within the plakin domain of plectin to date, missense mutations in the plakin domain of desmoplakin cause a variety of cardiac and/or cutaneous diseases (29) .
Most pathogenic mutations are located within the SR3-SR6 region of desmoplakin and target both buried (e.g. Ser-299, Asn-375, Ile-445, Ser-507, Ile-533, Leu-583, Ser-597, and Leu-622) and solvent-exposed (e.g. Arg-222, Asp-230, Asn-287, Glu-422, Asn-458, Lys-470, Thr-564, Ala-566, His-586, Gln-616, and His-618) residues. The structural effects of these mutations have been analyzed elsewhere (16, 30, 31) .
In SR7-SR9 of desmoplakin, mutations N661I, Y787C, R808C, and R808H, have been linked to arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) (32) (33) (34) , and the mutation I870M has been observed in a patient with dilated cardiomyopathy (35) . Owing to the high similarity between the SR7-SR9 of plectin and desmoplakin, we analyzed the possible structural effects of these mutations in desmoplakin using the high resolution structure of plectin as a template (Fig 12) .
Asn-661 occupies a position equivalent to Glu-1005 of plectin, which lies upstream of helix SR7-A and makes no contact with other parts of the structure. Therefore, the mutation N661I is likely to affect the flexible SR6-SR7 linker. Tyr-787 is equivalent to His-1135 of plectin, which is in the helix SR8-A, buried in the hydrophobic core. Therefore, Y787C is likely to distort or destabilize SR8. Desmoplakin FIGURE 9 . Comparison of the plakin domain of plectin with curved multirepeat segments of spectrins. A, ribbon representation of the composite structure of the plakin domain of plectin, the crystal structure SR14 -SR16 of human ␤2-spectrin (PDB code 3EDV), and the tetramerization domain complex of human erythroid spectrins formed by the partial SR0 and SR1 of ␣-spectrin and the SR6 and the partial SR17 of ␤-spectrin (PDB code 3LBX). B and C, superimposition of the structure of the SR5-SR6-⌬SH3-A of plectin onto repeats SR14-SR15 of ␤2-spectrin (B) or repeats ␤-SR16-␤-SR17/␣-SR0 of the tetramerization complex of ␣/␤ spectrins (C). SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36
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Arg-808 is equivalent to Lys-1156 in plectin, which is in the SR8-B helix on the surface of the domain; the aliphatic chain packs against Leu-1152 and Leu-1229 (Val-804 and Leu-881 in desmoplakin), and the amine group is flanked by the carboxylate groups of Glu-1153 and Glu-1230 (Glu-805 and Glu-882 in desmoplakin). The conserved local environment of plectin Lys-1156 and desmoplakin Arg-808 suggest that R808C might alter the helical bundle locally and expose a hydrophobic patch on the surface of the SR8. This is in agreement with the destabilizing effect of R808C when introduced in an SR7-SR8 construct (32) . Finally, desmoplakin Ile-870 corresponds to Val-1218 of plectin, which is part of the hydrophobic core of the SR8; hence, the substitution I870M is likely to perturb the stability of this SR. Other missense mutations within the SR7-SR9 region of desmoplakin have been observed in healthy individuals. These include T830I, R866C, E882K, R908H, and N956Y (36, 37) , which are exposed to the solvent on the surface of the structure. In summary, disease-causing mutations are potentially linked to structural destabilization of the SR7-SR9 region, whereas changes on the surface apparently do not compromise its function.
Implications for the Role of the Plakin Domain in the Mechanical Properties of Plakins-Arrays of SRs form deformable structures that frequently participate in mechanically resilient cytoskeletal networks. This is depicted by the contribution of spectrins to the elasticity of red blood cells to withstand high shear stress during circulation. Plectin and other plakins are essential to maintain the integrity of tissues that suffer high mechanical stress. Junctional complexes that contain plakins have also been implicated in sensing biomechanical changes in the surrounding extracellular environment (38) . Yet, it is unclear how the plakin domain might contribute to these functions.
Owing to the extended shape of the SR3-SR9 region of plectin and the juxtaposition of SR9 to the rod domain (ϳ190 nm long), the plakin domain acts as a spacer that further increases by at least ϳ34 nm the distance between the IF-binding sites in the C-terminal region and the binding sites for junctional proteins, which are located mostly in the actin-binding domain. In addition, the plakin and rod domains form a continuous thread that transmits mechanical signals between distant regions of the molecule. Nonetheless, the elastic properties of these two domains are probably different. Coiled coils bend easily but are FIGURE 11 . Analysis of the SR6-SR7 linker. Multiple sequence alignment of the region around the SR6-SR7 linker of plectin, BPAG1e, MACF1, VAB-10, and Shot. The extension of the ␣-helices into the crystal structures of plectin and positions a and d of the heptad repeats, which face the central hydrophobic core, are indicated at the top. The filled circles denote every tenth residue. The ␣-helical segments predicted from the sequences using the JPred4 server are indicated by rectangles colored according to their assignment to the SR6 domain (orange), the linker (gray), and the SR7 domain (green). FIGURE 12. Analysis of missense mutation in SR7-SR9 of desmoplakin. A, ribbon representation of the SR7-SR9 region of plectin. The side chains of residues in positions equivalent to those of desmoplakin where missense mutations have been described are shown as sticks. Labels of residues in desmoplakin are shown in parentheses underneath the labels of the plectin residues. Blue boxes denote the positions of mutations not linked to diseases; orange boxes indicate residues mutated in arrhythmogenic right ventricular dysplasia/cardiomyopathy or dilated cardiomyopathy. B and C, close-up views of two areas of the SR8 region of plectin, which correspond to the areas of desmoplakin containing pathogenic missense mutations. SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 18655 rather resistant to stretching (39) . In contrast, arrays of SRs undergo moderate bending, but repeats unfold individually at low pulling forces (40) . Hence, the plakin domain may work as a molecular shock absorber that dissipates elastic energy when cells are subjected to external forces.
Structure of the Plakin Domain of Plectin
Our results have revealed that flexibility is not evenly distributed along the plakin domain. The unique structure of the SR7-SR9 region suggests that it is more resistant to mechanically induced deformation than other parts of the plakin domain. The prevailing structural role of the SR7-SR9 region is likely to be conserved in all plakins. For example, most of the diseasecausing missense mutations in the SR7-SR9 region of desmoplakin are predicted to cause structural destabilization, and no specific protein-protein interactions have been mapped to this region. In contrast, inter-repeat bending has been observed only in the SR3-SR4 and SR5-SR6 pairs. Moreover, the plasticity of SR6 and its smaller size with respect to other SRs suggest that SR6 is mechanically weaker and might unfold at lower forces than other repeats.
The possibility of force-induced conformational changes in the plakin domain (e.g. bending/straightening at the inter-repeat level and unfolding of individual repeats) suggests that plectin not only transmits tension but might also act directly as a mechanosensor. The protein interaction sites in the plakin domain of plectin are located in the malleable N-terminal segment. This suggests that the affinity of plectin for some proteins might depend on the conformational state of the plakin domain, which in turn could be regulated mechanically. In this regard, the maintenance of hemidesmosomes and desmosomes apparently requires some tension through the attachment to a functional cytokeratin network (41) .
Finally, our data suggest that there are two types of plakin domain architectures: (i) extended and (ii) those interrupted by central flexible hinges. These two types might sense and respond differently to mechanical cues. For example, the extended plakin domains of plectin and BPAG1e are likely to be under constitutive basal tension when they cross-link cytoskeletal structures, for example in hemidesmosomes. Thus, when cells are subjected to mechanical stress, forces would be readily transmitted to the IF cytoskeleton and would elicit additional changes in the plakin domain. On the other hand, the decoupling of the two halves of the plakin domain in desmosomal plakins suggest that an additional initial step, in which the central hinge is extended and strained, is required before the plakin domain can transmit tension or the arrays of SR undergo forceinduced conformational changes. This is in agreement with the elongation of desmoplakin patches in desmosomes caused by external mechanical stretch (41) .
Experimental Procedures
Protein Expression and Purification-The cDNA encoding the following fragments of human plectin were amplified by PCR and cloned in a modified pET15b vector using NdeI and BamHI restriction sites (42) : residues 543-1006 (SR3-SR6), 1004 -1233 (SR7-SR8), 1004 -1372 (SR7-SR9), and 543-1372 (SR3-SR9). Two constructs of the SR5-SR6 region (residues 750 -1006, ⌬819 -888) in which the SH3 was replaced by the short sequence GSGSG (SR5-SR6-⌬SH3-A) or GSG (SR5-SR6-⌬SH3-B) were created by a two-step PCR. The oligonucleotides used for cloning are described in supplemental Tables S3 and  S4 . Phe-752, which packs against SR4 in the SR4-SR5 structure (15) , was replaced by Ala in the SR5-SR6-⌬SH3 constructs. The plectin fragments used herein are shared by all of the alternative splicing variants. We used the numbering of plectin 1c (UniProt Q15149-2) for consistency with our previous works. The cDNA fragments coding for regions 660 -1025 (SR7-SR9) and 180 -1025 (SR3-SR9) of human desmoplakin (UniProt P15924) were cloned in the pET15b derivative like the plectin constructs.
Proteins were expressed in Escherichia coli strain BL21(DE3), purified by immobilized metal ion affinity chromatography, and their N-terminal His tag was cleaved as described (43) . Typical yields of the purified proteins are shown in supplemental Table S5 .
Crystallization and Structure Determination of Fragment SR5-SR6-⌬SH3-A-Crystals of the protein SR5-SR6-⌬SH3-A (750 -818-GSGSG-889 -1006) were obtained by sitting drop vapor diffusion at 4°C. A protein solution at 30 mg/ml in 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT was mixed with an equal volume of the crystallization solution 0.2 M sodium potassium tartrate, 20% PEG 3350. Prior to data collection crystals were transferred to 0.2 M sodium potassium tartrate, 20% PEG 3350, 15% glycerol and flash-cooled in liquid nitrogen. A heavy atom derivative was obtained by soaking a native crystal in 50 mM Tris-HCl (pH 7.5), 0.2 M sodium potassium tartrate, 20% PEG 3350, 1 mM ethylmercurithiosalicylate (EMTS) for 6 h at 4°C. The excess EMTS was removed during incubation in the same cryoprotectant solution as used for the native crystal. Data from a native crystal were collected on the X06DA beam line of the Swiss Light Source synchrotron (SLS, Villigen, Switzerland) at 105 K. Data from the EMTS-derivatized crystals were collected at 100 K using a Microstar-H rotating anode (Bruker AXS) and a mar345 detector (Marresearch GmbH). The diffraction data for these and all other crystals (see below) were processed with the XDS suite (44) .
The crystals belong to space group H3 (R3:h) ( Table 3 ) and contain two plectin molecules in the AU that correspond to a ϳ63% solvent content. The structure was phased by single isomorphous replacement with anomalous scattering (SIRAS) using native and mercurial data sets. The heavy atom substructure, consisting of three mercury sites, was determined with ShelxC/D/E (45) and HKL2MAP (46) . The phase probability distributions were further refined with autoSHARP (47) . After phase improvement and extension with Solomon (48) an interpretable electron density map was obtained (Fig 13) . Two copies of the SR5 domain from the structure of SR4-SR5 (PDB code 3PDY) were placed in the map using the program Molrep (49) , and then the SR6 domains were built manually using the program Coot (50) .
The structure was refined against native data extending to 2.8 Å resolution with phenix.refine (51) alternating with model building with Coot. Refinement included overall anisotropic and bulk solvent corrections, positional refinement, individual B-factor restrained refinement, and refinement of the translation/libration/screw-rotation (TLS) parameters of three groups in each molecule. Torsion angle non-crystallographic symmetry (NCS) restraints (i.e. local NCS restraints) were included. SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36
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The final model includes residues 750 -818 and 889 -1000 in one molecule and residues 750 -818, 889 -970, and 974 -996 in the second molecule; 99.4% of the main-chain torsion angles are in the favored regions of the Ramachandran plot, and the other 0.6% are in additionally allowed regions. Crystallization and Structure Determination of the Fragment SR5-SR6-⌬SH3-B-Crystals of the SR5-SR6-⌬SH3-B (750 -818-GSG-889 -1006) region were obtained by hanging drop vapor diffusion at 4°C by mixing equal volumes of a protein solution at 30 mg/ml in 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT and crystallization solution consisting of 0.1 M bis-Tris propane (pH 6.0), 18% PEG 3350, 0.2 M sodium malonate. For data collection, crystals were transferred to the crystallization solution supplemented with 15% glycerol and flash-cooled in liquid nitrogen. Diffraction data were measured at 100 K using a rotating anode generator.
Crystals belong to the C2 space group (Table 3 ) and contain two molecules in the AU (ϳ58% solvent content). The structure was phased by molecular replacement with the program Phaser (52) using the structure of the SR5-SR6-⌬SH3-A region as a search model. The structure was refined with phenix.refine against data to 3.0 Å in a similar manner as used for the SR5-SR6-⌬SH3-A structure. Five TLS groups, three in one molecule and two in the other, were refined. The final model includes residues 750 -818, the GSG linker, and residues 889 -1000 in one molecule and residues 750 -818, the GSG linker, and residues 889 -1001 in the second molecule of the AU. The mainchain torsion angles of 370 residues (99.5%) occupy the favored FIGURE 13 . Electron density maps of the SR5-SR6-⌬SH3-A crystal structure. A, stereo view of a representative section of a map calculated with the phases obtained by SIRAS with autoSHARP after improvement by density modification with Solomon. The density is contoured a 1. The C␣ trace of this section of the structure is shown. B, stick representation of the refined structure of the region shown in A, superimposed onto a feature-enhanced 2mF obs Ϫ DF model map calculated at the final stage of refinement (contoured at 1).
regions of the Ramachandran plot, and the two remaining residues are in additionally allowed regions.
Crystallization and Structure Determination of the Fragment SR7-SR8 -Crystals of the SR7-SR8 (1004 -1233) region of plectin were obtained by mixing a protein solution at 27 mg/ml in 10 mM Tris-HCl (pH 7.5), 50 mM NaCl with an equal volume of crystallization solution (50 mM Tris-HCl (pH 7.7), 0.2 M NaF, 18% PEG 3350). The drop was vapor-equilibrated at 25°C against 1 ml of the crystallization solution. A mercurial derivative was obtained by soaking a crystal for 15 h in crystallization solution supplemented with 2 mM EMTS. Prior to data collection, the crystals were transferred to the cryosolution (50 mM Tris-HCl (pH 7.7), 0.2 M NaF, 19% PEG 3350, 20% glycerol) and flash-cooled in liquid nitrogen. Data from a native crystal were collected at 100 K on the Xaloc beam line of the ALBA synchrotron (Barcelona, Spain) (53) . Data from the EMTS-derivatized crystal were collected at 100 K using a rotating anode generator.
Crystals belong to space group P2 1 ( Table 3 ) and contain two SR7-SR8 molecules in the AU (ϳ64% solvent content). The structure was phased by SIRAS using the native and EMTS data sets, similarly as for the SR5-SR6-⌬SH3-A structure. The mercury substructure (12 sites) was solved with ShelxC/D/E (45) and HKL2MAP (46) . The phases were further refined with autoSHARP (47) and improved and extended to 1.8 Å with Solomon (48) . A high quality map was calculated using the SIRAS phases (Fig. 3, C and D) , which allowed for the automatic building of 450 (96%) residues using ARP/wARP (54) . The model was refined against the native data to 1.8 Å using phenix.refine combined with manual model building using Coot. Five TLS groups in each molecule were refined. The final model includes residues 1004 -1231 of protein molecule A and 1004 -1233 of molecule B, 349 water molecules, and three PEG fragments. The model has excellent geometry; all main-chain torsion angles are in the favored regions of the Ramachandran plot, with the exception of D1039 that is located in an additionally allowed region of the plot.
Crystallization and Structure Determination of the Fragment SR7-SR9 -Crystals of the SR7-SR9 (residues 1004 -1372) region of plectin were obtained by vapor diffusion using 0.1 M bis-Tris propane (pH 8.0), 16% PEG 3350, and 0.3 M sodium potassium tartrate as the crystallization solution. Drops containing 3 l of the SR7-SR9 protein at 12 mg/ml in 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, and 2 l of crystallization solution were equilibrated at room temperature against 1 ml of the latter solution. Crystals were transferred to crystallization solution supplemented with 20% glycerol and flash-cooled in liquid nitrogen. Data were collected at 100 K on the ID 14.2 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
Crystals belong to space group C2 (Table 3 ) and contain two SR7-SR9 monomers in the AU (ϳ60% solvent content). Diffraction data were highly anisotropic with approximate diffraction limits of ϳ2.8Å along the best direction but only ϳ3.8 Å and ϳ5.0 Å in the weakly diffracting directions (Fig. 4, A and B) . Therefore, data were processed using the STARANISO server (Global Phasing Ltd.), which applies non-elliptical anisotropic limits based on a locally averaged mean I/(I) cut-off, performs a Bayesian estimation of structure amplitudes, and applies an anisotropic correction to the data. Detailed crystallographic statistics are shown in supplemental Table S6 .
The structure was phased by molecular replacement using Phaser. First, two monomers of the SR7-SR8 region were located. Next, we located two copies of a partial model of the SR9 region based on the structure of SR1 of erythroid ␣-spectrin (PDB code 3LBX) (28) . The structure was refined with phenix.refine against the anisotropically scaled data, similar to that described above. Briefly, torsion non-crystallographic symmetry restraints were used. In addition, dihedral angles of the SR7-SR8 domains were restrained to those derived from the high resolution structure of this region. Two B-factors were refined for each residue, one for the main-chain atoms and the other for the side-chain atoms. Two TLS groups, one for each protein chain, were refined. Owing to the limited resolution, the side chains of 39% of the residues of the SR9 were truncated after the C␤ atom. The final model includes residues 1007-1368 and 1009 -1371 of molecules A and B present in the AU, respectively. Loops BC of the SR7 and loops AB and BC of SR9 in both monomers and part of loop AB of SR8 in monomer B were not modeled due to weak electron density in these regions. The model has very good geometry; 99.7% of the residues fall in the most favored regions of the Ramachandran plot and the remaining in additionally allowed regions.
Analysis of Atomic Structures-Superimposition of atomic structures was done with the program LSQKAB (55) or Theseus (56) . The relative orientation of adjacent SRs in terms of three simultaneous rotations around the Cartesian axes was calculated as described elsewhere (22, 57) . The rotation angles around the x, y, and z axes are termed tilt, roll, and twist, respectively. Principal component analysis of the structures of the SR5-SR6 region was done with the Bio3D package for the R statistical software (58) . Molecular figures 1-6, 8 -10, 12, and 13 were created with PyMOL, version 1.6.0 (Schrödinger).
SAXS Measurements and Analysis-Proteins for SAXS analysis were equilibrated in 20 mM sodium phosphate (pH 7.5), 150 mM NaCl, 5% glycerol, and 3 mM DTT by size exclusion chromatography using HiPrep Sephacryl S300 26/60 or Superdex 200 10/300 GL columns (GE Healthcare). Then, samples were concentrated by ultrafiltration using Amicon stirred cells (Merck Millipore) and centrifuged at 100,000 ϫ g 30 min at 4°C to remove possible aggregates. SAXS data were measured at the EMBL beamline P12 in the Deutches Elektronen Synchrotron (DESY, Hamburg) using radiation of wavelength () 1.24 Å and a Pilatus 2 M detector (Dectris).
Protein samples and their corresponding buffers were measured consecutively at 10°C. For each protein, the scattering data were measured at several sample concentrations obtained by 2-fold serial dilution in the ranges indicated in Table 2 . SAXS data were collected over a scattering vector (q ϭ (4sin)/, where 2 is the scattering angle) range from 0.005 to 0.45 Å Ϫ1 , except for plectin SR3-SR9, for which data were measured in the range of 0.005 Ͻ q Ͻ 0.35 Å Ϫ1 . Data were processed and analyzed with the ATSAS package (59) . Unless otherwise indicated, analysis was done on the scattering extrapolated to an infinite dilution of the sample. Guinier and modified Guinier analysis were done with the program Primus QT (59).
Pair-distance distribution functions, P(r), and cross-sectional distance distribution functions, Pc(r), were calculated with GNOM (60). Ab initio shape reconstructions were calculated with the program DAMMIF (61); multiple reconstructions were superimposed, averaged, and filtered with DAMAVER (62). Interdomain flexibility was analyzed using the program EOM (63, 64) . For flexible fitting of the high-resolution structures of the SR3-SR9 region of plectin to the SAXS data, multiple conformations that represent possible large scale movements were calculated by normal modal analysis employing an elastic network model using the ElNémo server (65) . Scattering profiles and distribution of intramolecular distances of atomic structures were calculated with CRYSOL (66) and HYDROPRO (67), respectively.
Sequence Analysis-Profile HMMs were used to search for regions similar to SR7-SR9 in other plakins with the suite HMMER (v3.1b2) (68) . Briefly, the UniProt proteomes of Homo sapiens, C. elegans, and D. melanogaster, were searched with profile HMMs built from a single sequence or from multiple sequence alignments using the programs phmmer and hmmsearch, respectively. Secondary structure prediction was done with the JPred4 server (69) .
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